Investigating the structure, modification, interaction, and function of biomolecules in their native cellular environment leads to physiologically relevant knowledge about their mechanisms, which will benefit drug discovery and design. In recent years, nuclear and electron magnetic resonance (NMR) spectroscopy has emerged as a useful tool for elucidating the structure and function of biomacromolecules, including proteins, nucleic acids, and carbohydrates in living cells at atomic resolution. In this review, we summarize the progress and future of in-cell NMR as it is applied to proteins, nucleic acids, and carbohydrates.
INTRODUCTION
Biomacromolecules, including proteins, nucleic acids, and polysaccharides, perform many functions essential to life. Almost everything we know about these molecules comes from studying their purified forms in simple buffers. However, most of them perform their function in
MAGNETIC RESONANCE STUDIES OF PROTEIN IN CELLS

Protein Structure
High-resolution protein structure is fundamental to understand why protein has certain functions and why some mutations result in malfunction. Among high-resolution structural determination methods, NMR is the only one to provide atomic-resolution structure in solution. Whether the protein structure determined in vitro reflects the real structure in living cells remains a question.
Solution-state in-cell NMR.
Thermus thermophilus HB8 protein TTHA1718 is the first protein whose high-resolution structure was determined in living E. coli cells by in-cell NMR (12, 13) . Due to the poor resolution and strong background of in-cell spectra, the sample was uniformly 13 C/ 15 N enriched, and selected side-chain methyl-protonated amino acids (Val/Leu, Ala/Val, and Ala/Leu/Val) were used in an otherwise uniformly enriched 2 H background. Threedimensional (3D) spectra with nonlinear sampling (14, 15) in the indirect dimensions were used to make assignments and obtain nuclear Overhauser effect (NOE) distance restraints in times compatible with the life of the cells. The structures were calculated with the program CYANA and energy refined using NOE distance restraints, hydrogen bond distance restraints in regular secondary structure elements, and backbone torsion angle restraints (Figure 1) .
The structure in cells was essentially identical to that obtained in buffer, which is expected for several reasons. Anfinsen (16) was awarded the Nobel Prize in Chemistry for showing that the 3D structure of a globular protein represents the lowest free-energy state. Richards (17) then showed that the inside of a globular protein is almost as efficiently packed as perfectly packed spheres. If the folded form of a globular protein is most stable, and the inside is efficiently packed, crowding is not expected to change structure.
For disordered proteins or multidomain proteins with more flexibility, the situation might be different. Theillet et al. (18) showed that the intrinsically disordered protein α-synuclein adopts a more compact conformation in mammalian cells than it does in buffer by using paramagnetic BSA-and (orange) lysozyme-crowded solutions. Gd(III)-DOTA tags at residues 42 (left; S42C-DOTA) and 122 (right; N122C-DOTA) provide complementary information about α-synuclein compaction in the respective environments. Proximal PRE effects render residues adjacent to the conjugated Gd(III) invisible (red bars). PRE-derived distances were obtained assuming that every Gd(III)-1 H vector fluctuation rate scales linearly with that of the backbone N-H vector and the Gd(III)-DOTA complex. For simplification, profiles show values averaged over three consecutively resolved residues. Comparisons of α-synuclein dimensions in buffer, in cells, and in the presence of different crowding agents are shown on the right. Average radii of gyration and levels of α-synuclein compaction are delineated based on the scaling of representative PRE distances relative to values measured in buffer. In the depicted models, residues of the NAC region are colored in dark gray. Arrows denote regions of marked intramolecular contacts. Reproduced with permission from Reference 18. Copyright 2016, Nature Publishing Group. Abbreviations: α-syn, α-synuclein; BSA, bovine serum albumin; NAC, non-amloid-β component; PRE, paramagnetic relaxation enhancement. relaxation enhancement (PRE) and electron paramagnetic resonance (EPR) spectroscopy (Figure 2) . PRE effects scale as r −6 , where r is the distance between the paramagnetic center and nuclear spin, providing abundant distance information that depends on the tumbling time of the protein. By contrast, EPR delivers less information but can be used to measure distances via the PELDOR (19) method independent of the tumbling. These methods are complementary and provide indispensable distance constraints for protein structural measurement. In this study, the paramagnetic compound Gd(III)-DOTA was attached to α-synuclein via thioether bonds that withstand the reducing environment of the cytoplasm (20) . Another paramagnetic NMR technology, pseudocontact shift (PCS), provides distance and orientation information and is applied to proteins in cells. Ye et al. (21) were the first to observe 19 F PCS of CaM-MLCK protein in Xenopus oocytes by introducing paramagnetic Tb 3+ into the protein (Figure 3) . Actually, 19 F PCS only yielded a limited number of PCS values, and it was difficult to draw a conclusion about cellular effects on the whole structure by comparing the in-cell and in vitro values. However, by using these parameters, the authors were able to obtain valuable structural information despite a seriously broadened in-cell 15 N-1 H HSQC spectrum. Recently, Pan et al. (22) and Müntener et al. (23) determined the structure of the protein G B1 domain (GB1) in intact Xenopus oocytes by using the Rosetta program with PCS restraints. These studies provided a fast and effective way for determining the structures of proteins in living cells. A new carbamidomethyl-linked tag was also designed for measuring PCS restraints in living HeLa cells (24) . Combined with proper labeling strategies, NMR methods, and calculation programs,
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we predict that more than just model protein structures will be determined in living cells by in-cell NMR (25, 26 (35) . As a nearly 100% natural abundance nucleus, 19 F is often an ideal candidate for monitoring functionally important conformational transitions in living systems because of its intrinsic sensitivity (83% of the proton), large chemical shift range, and most importantly, the essentially complete lack of background interference from fluorine's near absence in biology (36, 37) . 19 F can be biosynthetically inserted into the side chains of tryptophan (38) , tyrosine, phenylalanine (25) , or via the unnatural amino acid trifluoromethyl-phenylalanine (35) . Fu et al. (33) characterized the lipoprotein receptor LR11 transmembrane domain in native E. coli membranes using solid-state MAS NMR. The assignments were obtained by using the 13 C PARIS experiments and comparing the secondary structure in artificial membrane environments (e.g., detergent micelles, synthetic lipid bilayers) and native E. coli cells. Frederick et al. (39) applied DNP NMR to the yeast prion protein Sup 35, observed structural differences between purified samples and samples in cellular milieus, and concluded that the cellular environment alters Sup35 structure. The approaches described above offered good opportunities to validate and refine proteins structures in living cells.
Protein Interactions
Proteins perform their function by interacting with their ligands or substrates. Investigating protein interactions in cellular environment will lead to deeper understanding of molecular mechanism of protein functions.
Protein-protein interactions.
Many biological functions depend on protein-protein interactions. In-cell NMR can be a powerful tool for obtaining detailed information about these interactions, but an important caveat must be kept in mind. Due to inherent low sensitivity, NMR experiments require concentrations in the tens of microns range, far above normal expression levels. Consequently, all proteins involved in a particular interaction network must be overexpressed. Rigorous control experiments to test target protein leakage must also be performed to avoid false results (40) (41) (42) . A protein-protein interaction study with two overexpressed proteins using STINT (structural interactions using NMR spectroscopy)-NMR was reported by Shekthman and coworkers (43) . To distinguish the proteins in the complex they designed a sequential expression system that enabled the target protein to be expressed in uniformly [U- 15 N]-enriched medium independently under the control of an L-arabinose inducible promoter. Next, they used IPTG-induction to initiate the expression of the binding partner in unenriched medium for up to 18 h. Samples were collected at various times, and 1 H-15 N HSQC NMR spectra of the [U-15 N] target protein were acquired. Binding was monitored in the serial in-cell spectra of the target protein as a function of the increasing concentration of the interacting proteins (Figure 4) .
Another recent study focuses on detecting protein-protein interactions by using singular value decomposition (45) , which differentiates concentration-dependent and -independent events and identifies the principal binding modes. Interaction of the prokaryotic ubiquitin-like protein (Pup) and mycobacterial proteasome ATPase (Mpa) (46) was investigated by this method. The results implicated a set of amino acids involved in a specific interaction different from previous NMR analyses but in good agreement with crystallographic data (47) .
In-cell NMR experiments are routinely performed in E. coli by overexpressing an 15 Nlabeled protein (48) . The application of in-cell NMR to eukaryotic cells, however, is limited by (50) determined that the intensity reductions in the in-cell TCS experiment were due to the interaction with endogenous MTs. This showed that the binding surface of an exogenously introduced protein interacting with an endogenous macromolecular complex can be identified with the TCS method.
Protein-drug interactions.
NMR spectroscopy has become an important tool for investigating protein-drug interactions in the pharmaceutical industry (52) (53) (54) (55) (56) . The results of in vitro assays, however, might be different from those inside cells. For example, a drug might not be able to pass the cellular membrane, or it might be pumped out of cells. In addition, the drug could be metabolized or could strongly interact with other cellular components instead of the target. With these uncertainties, we cannot obtain comprehensive conclusions by merely relying on in vitro experiments. In-cell NMR enables us to examine native interactions directly. Recently, the interaction between the bacterial signal transduction protein CheY and the drug BRL-16492PA was described by Hubbard et al. (57) . By comparing 1 H-15 N HSQC spectra of the protein inside and outside of cells and comparing spectra before and after adding the drug, they found that the drug passed the bacterial membrane and interacted with target protein inside the cellular environment ( Figure 5) . A similar study of interaction between cisplatin and Atox1 was described by Arnesano et al. (58) . This contribution appears to be the first direct evidence to visualize cisplatin crossing the cell membrane and interacting with the CxxC metal-binding motif of Atox1. The authors demonstrated the feasibility of in-cell NMR to monitor metallodrug-protein interactions in the native complex environment.
Xie et al. (60) developed an in-cell NMR assay for screening small-molecule interactor libraries (SMILI) for compounds capable of disrupting or enhancing specific interactions between two or more components of a biomolecular complex. To demonstrate the efficacy of SMILI-NMR in the screening of dipeptides that facilitate heterodimerization, they used a well-studied protein complex involved in cell-cycle arrest, FKBP-FRB, as a model ( Figure 6 ). In fact, the dipeptides identified by SMILI-NMR possess biological activity in yeast. The in-cell nature of SMILI-NMR ensures that the screened small molecules are capable of penetrating the cell membrane and specifically engaging the target molecule(s).
Besides the target proteins, NMR signals of small drugs can also be used to study proteindrug interactions in cells. For instance, hydrolysis of antibiotics by the New Delhi metallo-β-lactamase subclass 1 (NDM-1) in E. coli was monitored in real time (62) (Figure 7) . NDM-1 is one reason superbugs are resistant to most antibiotics (63) . Carbapenems, such as meropenem and imipenem, once a last resort to treat the most serious bacterial infections, are hydrolyzed by NDM-1 (64 ( Figure 7c ). These studies show that two known NDM-1 inhibitors, L-captopril and ethylenediaminetetraacetic acid, and a new inhibitor, spermine, inhibit the hydrolysis of meropenem in cells. This in-cell small-molecule NMR approach should be applicable to studies of protein-drug interaction in mammalian cells. 
Figure 6
In-cell spectra of the ternary [U- 15 living cells, but new labeling methods and the investigation of more systems are needed to gain more information.
Protein Modifications
Posttranslational protein modifications endow the proteome with the ability to extend the information potential of the genetic code and rapidly reprogram protein functions in response to cellular signaling events. Errors in posttranslational modifications constitute causal agents of many human diseases. Most eukaryotic modifications denote reversible covalent additions of small chemical entities, such as phosphate, acyl, alkyl, and glycosyl groups onto subsets of modifiable amino acids (66) . radionucleotide incorporation experiments, specific antibodies, or mass spectrometry; however, all of these techniques require cell fixation or cell disruption (67) . In-cell NMR is ideally suited to study protein posttranslational modifications because protein resonances are highly sensitive to the chemical environments of individual residues in protein resulting from adding chemical entities. Most importantly, cellular dynamic and stepwise modifications can be measured in a nondestructive and time-resolved manner in living cells (66, 68) . The spectra of ubiquitin interacting with STAM2 and HRS revealed that phosphorylation on HRS did not change the binding surface, whereas a smaller surface was involved in the interaction with phosphorylated STAM2 compared to nonphosphorylated STAM2. It was proved that the interaction surface was significantly modulated by the phosphorylation state of two STAM2 tyrosines, Y371 and Y374. This methodology enables regulation of the posttranslational modification of overexpressed proteins in bacterial cells, and the protein-protein interactions in the absence and presence of posttranslational modifications can also be studied within a cellular environment.
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Compared to protein phosphorylation in bacteria, protein phosphorylation in eukaryotic cells can be realized through endogenous kinases. Bodart et al. (70) used in-cell NMR spectroscopy to examine the phosphorylation of the Tau protein in oocytes.
15 N-enriched Tau was overexpressed in E. coli, and the purified protein was injected into Xenopus oocytes. A Ficoll solution was used to prolong the oocyte survival, thus allowing detection of lower protein concentrations in the oocytes. Comparing the spectrum obtained from Tau-injected oocytes to that of Tau phosphorylated in vitro indicated that PKA-but not Gsk3β-phosphorylated Tau at Ser214. The results indicate that in-cell NMR spectroscopy in Xenopus oocytes can identify individual phosphorylated residues and the enzyme responsible for a specific posttranslational modification.
Moreover, in-cell NMR is ideally suited for nondestructive investigations of phosphorylation events in intact cells and stepwise time-dependent modification events. Selenko et al. (71) studied the phosphorylation of substrates at adjacent sites by an endogenous kinase in oocytes using timeresolved, high-resolution NMR. The [U-
15 N]-enriched substrate protein XT111-132GB1 was microinjected into Xenopus oocytes, and the phosphorylation activity of native CK2 on XT111-132GB1 in intact oocytes was investigated by recording NMR spectra. In accordance with in vitro experiments, signals from inside cells revealed that protein kinase CK2 phosphorylated the regulatory region of the viral SV40 large T antigen on residues Ser112 and Ser111 in a preferred order (Figure 8) . The authors concluded that CK2 phosphorylated XT111-132GB1 via the same mechanism both in vitro and in cells, and in-cell NMR allows endogenous kinase phosphorylation to be studied in a time-resolved manner.
In addition to characterizing protein phosphorylation states, in-cell NMR is also used to investigate phosphorylation-modulated biological events. Luh et al. (73) 
studied the role of phosphorylation on Pin1 nonspecific interactions with the endogenous components of Xenopus oocytes by injecting [U-
15 N]-enriched Pin1. None of the backbone amide Pin1 signals were observed in the corresponding 15 N-1 H SOFAST-HMQC NMR spectrum, suggesting that most Pin1 interacted with the endogenous components of the oocytes. In subsequent experiments, the kinase PKA was used to phosphorylate Pin1 at Ser16. The phosphorylation-mimicking mutant WWS16E was injected into oocytes, and the resulting NMR spectrum showed all of the expected backbone amide resonances. This suggests that phosphorylation at Ser16 disrupted its nonspecific stickiness to endogenous components of the oocyte. Furthermore, the 2D SOFAST-HMQC spectrum of PKA-phosphorylated WW domain (WWS16P) in oocyte extract showed a well-dispersed and resolved spectrum, in contrast to the nonphosphorylated WW domain. (18) derived atomic-resolution insights into the structure and dynamics of α-synuclein in mammalian cells by NMR and EPR spectroscopy. 15 N-enriched α-synuclein was delivered into cultured non-neuronal A2780, HeLa cells, neuronal B65, SK-N-SH, and RCSN-3 cells by electroporation. The resulting in-cell spectra exhibited reduced signal intensities for the first 10 residues with peak positions that closely matched those of the N-terminally acetylated proteins. This observation suggested that electroporation-delivered nonacetylated α-synuclein might be N-terminally acetylated by endogenous enzymes in the cells, challenging the view that N-terminal acetylation of eukaryotic proteins was cotranslational.
Acetylation. Selenko's group
Oxidation.
Methionine oxidation is difficult to study because sulfoxides are not easily detected with chemical probes or antibodies. By contrast, oxidized methionines display unique NMR chemical shifts that are readily identified in 2D 1 H-15 N and 1 H-13 C correlation spectra. By using in-cell NMR, Selenko and coworkers (74) investigated the fate of methionine-oxidized α-synuclein, which was predicted to promote cytotoxic α-synuclein oligomers in mammalian cells. α-synuclein proceeds in a strictly stepwise manner, with Met5 processed before Met1. The authors also studied the impact of methionine oxidation on the posttranslational modification behavior of α-synuclein. The data showed that the persistence of the C-terminal methionine sulfoxides affected the phosphorylation of Tyr125 by the tyrosine kinase Fyn but not Ser129 phosphorylation by PLK3, suggesting that oxidative damage at Met116 and Met127 modulates the phosphorylation of synuclein Y125 in mammalian cells. This work demonstrated the unique capability of in-cell NMR to characterize methionine oxidation and its biological effects in mammalian cells.
Xenopus laevis oocytes
Xenopus laevis
Protein Maturation
Impaired maturation of human superoxide dismutase 1 (SOD1) is linked to various diseases. SOD1 was transiently expressed in HEK293T cells, and [U-15 N]-or selectively 15 N-cysteine-enriched SOD1 were employed to study its posttranslational maturation process in living cells by NMR. It was found that apo-SOD1 is largely unfolded and monomeric in human cells grown without zinc or copper ion supplements. Copper loading and oxidation of the Cys57-Cys146 disulfide bond is achieved in cells coexpressing SOD1 and CCS protein (Figure 9 ) (75) . This study indicated that in-cell NMR represents an ideal method to monitor endogenously expressed protein maturation in human cells.
Protein Stability
Developing methods to measure protein stability in living cells is essential for understanding protein function under physiological conditions. NMR (76, 77) , mass spectrometry (78) (81, 82) . Their results (Figure 10 ) indicate that the cytoplasm of E. coli destabilizes GB1 in cells compared to buffer. The destabilization is caused by transient interactions between GB1 and E. coli proteins. Their report (76) stated that GB1 was stabilized, but further investigation revealed that the pH in cells was lower than originally thought (83); a correction was subsequently published (77).
Monteith et al. (84) also used the NMR-detected H/D exchange to quantify quinary interactions between the GB1 and cytosol of E. coli. They found that a surface mutation in the GB1 is ten times more destabilizing in E. coli than in buffer, which could be the result of quinary interactions. They demonstrated that quinary interactions modulate protein stability in cells. Smith In cells with no additional metals, SOD1 is present mainly in the monomeric partially unfolded apo form. A fraction of SOD1 binds the Zn 2+ present in the expression medium.
SOD1 quantitatively binds one Zn 2+ ion per monomer and dimerizes upon addition of Zn(II) (cyan) to the expression medium; the cysteines involved in the intrasubunit disulfide bond are completely reduced.
A fraction of SOD1 binds Cu(I) (orange) when Zn(II) and Cu(II) (blue) are added to the expression medium and CCS is coexpressed; the disulfide bond is completely formed ( yellow circles). temperature T m to a smaller extent than A2780 cells. Above room temperature, SOD1
I35A was more stable in E. coli than in A2780 cells, whereas at lower temperature, SOD1
I35A was more stable in A2780 cells. These data show that the cytoplasm can destabilize proteins compared to buffer.
MAGNETIC RESONANCE STUDIES OF CELL SURFACE CARBOHYDRATES
In-cell NMR is mainly used to study structures and dynamics of molecules inside cells. A different approach, on-cell NMR, has been used to study carbohydrates on the cell surface (87) . Carbohydrates perform essential roles, including cell-cell communication, microbial pathogenesis, autoimmune disease progression, and cancer metastasis (88) . Over the last 10 years, solution and solid-state on-cell NMR methods were developed for analyzing polysaccharides.
Azurmendi et al. (89) used solution NMR to assess the structure of capsular polysaccharides (PSs) on intact cells. PSs were enriched with [U-15 N/ 13 C]-enriched sialic acid, thus avoiding background from other biomacromolecules, such as proteins, lipids, and nucleic acids. This is a promising approach to characterize the structural differences between PSs in cells and in vitro. Subsequently, pulse sequences based on H3-C2, H3-C1, and C1-C2 correlations were developed to characterize sialic acid resonance with high specificity (90) . The sequences are also useful for studying larger sialylated glycoconjugates, including glycolipids, glycoproteins, and capsular PSs on cell surfaces.
The applicability of solution NMR depends on molecular rotational tumbling rate. Specific interactions, even transient interactions, with other cellular components will slow tumbling, resulting in broad resonances that are beyond detection. Solid-state NMR is not limited by molecular tumbling rate and therefore may be a better option for studying large-cell surface PSs (91, 92) . By using the high-resolution magic-angle spinning (HR-MAS) technique, Jachymek et al. (93) demonstrated that the immunodominant O-polysaccharide on bacterial surfaces had the same structure as that in lipopolysaccharides and in isolated PSs. HR-MAS was also used to study capsular PSs, particularly sugar and capsular glycan modifications on Campylobacter cells (94), as well as the chemical composition and architecture of the bacterial and plant cell wall (95) (96) (97) (98) (99) and whole microalgae (100). In addition, evolution of the O-acetylation of the O-antigen on the outer bacteria membrane has been traced by HR-MAS (30) . Such studies may promote vaccine development and contribute to drug design and discovery (101) (102) (103) .
Compared to that of proteins and nucleic acids, knowledge of the structure and function of carbohydrates remains limited. The broad glycan chain diversity makes structural research difficult (104) . New methods and techniques are required, especially for studying carbohydrates under physiological conditions.
MAGNETIC RESONANCE STUDIES OF RNA AND DNA
Nucleic acids are essential to all known forms of life. NMR has become an important tool in nucleic acid structure research in vitro, but many observations suggest that nucleic acid folding depends on environment. In fact, the choice of NMR in a dilute buffer cannot mimic all the factors that modulate topologies in vivo. Despite poor resolution, researchers attempting to study the in situ folding of G-quadruplex observed differences between in vitro and in-cell NMR spectra (105) . Overall, the characterization of nucleic acid structure needs to be performed in as close to a native environment as possible, preferably in intact cells.
In-cell NMR strategies for nucleic acid research are similar to those for proteins: (a) acquiring reference spectra of nucleic acid fragments under various in vitro conditions that simulate different aspects of in-cell experiments, (b) characterizing physiologically relevant structures in specific buffer compositions, and (c) identifying the factors that define the conformation of nucleic acid in cells.
The increasing number of fingerprint NMR spectra of nucleic acid sequences in buffer paves the way for studying nucleic acids in physiologically relevant environments. Nevertheless, barriers to achieving such studies include the increased viscosity of the cellular interior compared to buffer, the transient attractive interactions that arise in the crowded cytoplasm (106) , and the large size of nucleic acid fragments for in-cell NMR investigations.
In 2009, Hansel and coworkers (107) microinjected nucleic acid into Xenopus oocytes and recorded in-cell NMR spectra. As expected, the increased viscosity and heterogeneity of the cellular environment increase the width of resonances from in-cell samples. Despite the intensity decrease, the patterns in 2D [ 1 H-13 C]-constant time-transverse relaxation-optimized-HSQC spectra from hairpin structures are essentially identical to those from spectra acquired in vitro. During the experimental period, new signals appeared, and the original signal intensities decreased, possibly due to the degradation by nucleases. The degradation problem was a primary obstacle for in-cell nucleic acid NMR. The authors found that the window for data acquisition in cells was typically less than 6 h and that RNA was more stable than DNA with a window of 19 h (Figure 11) . Both backbone phosphorothioate-modified nucleic acids and O2 -methylation of RNA enhanced nuclease resistance, thereby increasing the window for acquiring high-quality data in cells.
One advantage of nucleic acid over proteins and carbohydrates is the lack of cellular background in the imino region of the 1D 1 H NMR spectrum. As imino resonances are central reporters of folding, basic structural information in cells could be obtained by selectively detecting the imino region of unenriched nucleic acid. For example, the 1D 1 H spectrum of an unlabeled typical G-quadruplex, d [G 3 (TTAG 3 ) 3 T], which is relatively stable in cells, was acquired from Xenopus oocyte samples. The imino-proton pattern in cells was remarkably different from that in vitro, indicating that alternative conformations formed in cells (107) . These differences highlight the need for in-cell studies to gain biologically relevant information.
G-quadruplex-ligand interactions were examined in Xenopus oocytes by Salgado et al. (108 (Figure 12) . The ligand was either microinjected with the quadruplex or freely diffused into oocytes from the medium, which resulted in amino signature differences, although the spectral resolution in oocytes was poor. This work demonstrates the possibility of quantifying nucleic acid-ligand interactions in living cells, but new methods are needed to improve resolution.
Besides nucleic acid degradation, the life span of cells and leakage of the introduced DNA out of cells restrict the measurement time (107, 108) . It was possible to preserve Xenopus oocyte viability by including 20% Ficoll solution to the buffer surrounding the cells (108 damage to the cells, experiments should be carried out at ∼16 • C, which also improves the quality of the imino signals. These conditions increased the available acquisition period to longer than 48 h.
Although the low sensitivity of NMR and high cellular background signals can be partially overcome by introducing large quantities of exogenous DNA (107), the inhomogenous nature of the intracellular environment also limits the application of in-cell NMR spectroscopy for nucleic acid. The maximum concentration of quadruplex DNA was 250 μM; higher concentrations caused cell death. Approximately 93% of the introduced DNA spontaneously concentrated in the nucleus, indicating the intracellular source of the NMR signals (111) . 19 F NMR might also be useful for improving the sensitivity. Remarkably, incorporation of fluorine-modified nucleobases, either by chemical or enzymatic synthesis, has been widely exploited for in vitro studies (112) (113) (114) . The use of site-specific labeled samples will also likely improve the resolution.
Synthetically prepared nucleic acid contained some small-molecule impurities that were lethal to the oocytes. These impurities can be removed by butanol precipitation prior to injection. However, butanol precipitation washed out not only various kinds of toxic contaminants but also the ions from the G-quadruplex. Accordingly, the precipitated samples should be dissolved in buffer and reannealed before injection (107) . Investigation of nucleic acids under physiological conditions has been implemented only in oocytes. Studies in other types of mammalian cells and even in cell culture models of disease represent future research directions. To achieve the goal, clever delivery methods are needed (49, 115) . NMR spectroscopy is distinctively suited to characterizing biomolecular dynamics because it can provide a comprehensive description of internal motions at various time scales (116) . Hence, the next promising application of in-cell NMR involves the analysis of physiologically relevant nucleic acid dynamics.
EPR techniques such as double electron-electron resonance (DEER) spectroscopy have also been used to measure long-range distances (2-7 nm) in nucleic acid (117) (118) (119) . Due to its high sensitivity, EPR could be efficiently used in living cells (120) . Igarashi et al. (121) used the DEER method to determine the RNA and DNA structures in Xenopus oocytes. The ultimate goal of defining the relationships between nucleic acid function and the conformational fluctuations that accompany biological activity in living systems will be achieved by combining magnetic resonance methods with other in situ techniques.
www.annualreviews.org • Magnetic Resonance Spectroscopy 175
HYPERPOLARIZATION TO BOOST SENSITIVITY
Owing to the insensitivity of NMR spectroscopy and the low concentration of endogenous biomacromolecules, hyperpolarization (122) holds the promise to dramatically improve the sensitivity of in-cell studies. It may even prove possible to detect endogenous protein resonances. Spin-exchange optical pumping (SEOP) is a typical hyperpolarization method (123, 124) . Hyperpolarized 129 Xe via SEOP is the most widely used technique. The 129 Xe chemical shift is sensitive to environment due to its extraordinarily wide range, and 129 Xe also possesses favorable relaxation characteristics (125, 126) . In 2000, hyperpolarized 129 Xe gas was first used to detect hemoglobin in red blood cells (127) . Subsequently, hyperpolarized 129 Xe NMR spectra were recorded in various living cells (128) . In addition to direct dissolution, 129 Xe was incorporated into nonpolar cryptophanes as a biosensor to detect biomacromolecules at low concentration (129) . In this sensor, 129 Xe occupied the hydrophobic cavity, and interactions could be monitored by 129 Xe NMR signal change upon binding with target proteins. A variety of sensors were developed to detect cancer biomarkers (130) (131) (132) and peptide-antigen interactions (133) . Recently, Boutin et al. (128) used transferrin with 129 Xe cryptophanes to identify transferrin receptors on the surface of K562 cells by observing the chemical shift change on binding. An antibody-based CD14-specific biosensor was developed for 129 Xe magnetic resonance imaging of cells at nanomolar concentrations (134) . In addition to cryptophanes, viral capsids were employed to carry 129 Xe and recognize the epidermal growth factor receptor with high specificity in living cells (135) .
In summary, hyperpolarized NMR improves endogenous protein detection and function analysis in living cells. In addition to SEOP, hyperpolarization methods may vastly extend the utilization of NMR for studying living cells, including parahydrogen-induced polarization (136, 137) and DNP (138, 139) , which polarize the nucleus, including 13 C, 1 H, 15 N, and 19 F in proteins and nucleic acids. However, many aspects of these methods still urgently need improvement, including amelioration of the extreme hyperpolarization conditions and minimization of polarization losses in cells.
CONCLUSIONS AND PERSPECTIVES
Although significant advancements in in-cell NMR have been achieved, there remains much for us to speculate about the future. From the viewpoint of fundamental work, the research focus will be on understanding and manipulating the ubiquitous transient interactions in cells, quantifying specific protein-protein interactions in cells, and measuring enzyme kinetics and various posttranslational modifications mediated by protein function. The protein structure determination will be more significant for multidomain proteins and intrinsically disordered proteins, whose structure might be more prone to influence by the cellular environment. Most importantly, studies of macromolecules at near physiological concentrations (nanomolar to micromolar) in eukaryotic cells, especially in the cell culture model of diseases, will become important because of their potential medical relevance. Protein dynamics, which correlates with protein function, is well studied in dilute solution, but how cellular environment affects protein dynamics at various time scales is not well documented (140, 141) . In terms of techniques, the development of hyperpolarization methods and instruments suitable for in-cell NMR and selective order-of-magnitude enhancements of target-molecular NMR sensitivity will broaden the in-cell NMR applications. This makes incell NMR an attractive approach for assessing biomolecular structure, function, and dynamics at atomic resolution in living cells.
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